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Abstract
Background:  Spermatogenesis and fertilization are highly unique processes. Discovery and
characterization of germ cell-specific genes are important for the understanding of these
reproductive processes. We investigated eight proteins encoded by novel spermatogenic cell-
specific genes previously identified from the mouse round spermatid UniGene library.
Methods: Polyclonal antibodies were generated against the novel proteins and western blot
analysis was performed with various protein samples. Germ cell specificity was investigated using
testes from germ cell-less mutant mice. Developmental expression pattern was examined in
testicular germ cells, testicular sperm and mature sperm. Subcellular localization was assessed by
cell surface biotin labeling and trypsinization. Protein localization and properties in sperm were
investigated by separation of head and tail fractions, and extractabilities by a non-ionic detergent
and urea.
Results: The authenticity of the eight novel proteins and their specificity to spermatogenic cells
were confirmed. In examining the developmental expression patterns, we found the presence of
four proteins only in testicular germ cells, a single protein in testicular germ cells and testicular
sperm, and three proteins in the testicular stages and mature sperm from the epididymis. Further
analysis of the three proteins present in sperm disclosed that one is located at the surface of the
acrosomal region and the other two are associated with cytoskeletal structures in the sperm
flagellum. We name the genes for these sperm proteins Shsp1 (Sperm head surface protein 1),
Sfap1 (Sperm flagellum associated protein 1) and Sfap2 (Sperm flagellum associated protein 2).
Conclusion: We analyzed eight novel germ cell-specific proteins, providing new and inclusive
information about their developmental and cellular characteristics. Our findings will facilitate future
investigation into the biological roles of these novel proteins in spermatogenesis and sperm
functions.
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Background
Male germ cell development involves successive mitotic
(spermatogonia), meiotic (spermatocyte) and postmei-
otic phases (spermatids). Spermatogonial stem cells,
located around the outer region next to the basal lamina
surrounding the seminiferous tubules in the testis, divide
mitotically to produce primary spermatocytes. These cells
continue through the first meiotic division to become
haploid secondary spermatocytes. During this division,
random assortment of paternal or maternal chromosomes
and chromosomal crossover take place, generating the
genetic diversity of the gametes. Secondary spermatocytes
rapidly enter the second meiotic division to produce sper-
matids. These haploid spermatids are then remodeled
into sperm by spermiogenesis. During this period, sper-
matids begin to grow tails and their chromatin undergoes
packaging, inactivating transcription from the haploid
male genome. The acrosome derived from the Golgi appa-
ratus envelopes the anterior portion of the condensed
nucleus.
Since the development of sperm specialized for fertiliza-
tion is a unique process that occurs only in testis, gaining
an understanding of spermatogenesis and fertilization
requires identification and characterization of genes spe-
cifically expressed in testicular germ cells. Previously, we
analyzed the mouse spermatocyte and round spermatid
UniGene libraries containing 2124 and 2155 gene-ori-
ented transcript clusters, respectively [1,2]. UniGene is a
NCBI database containing an extensive collection of infor-
mation about sets of transcript sequences. In particular,
the UniGene database is a useful resource for identifying
tissue- and cell type-specific gene transcripts. These studies
revealed that the proportions of testis-specific genes in the
spermatocyte and round spermatid UniGene libraries are
11% (230 genes) and 22% (467 genes), respectively.
Notably, more than half of the testis-specific genes were
found to be unknown. The unexplored testis-specific
genes were analyzed further. Through systematic in silico
and in vitro analyses these genes were narrowed down to
24 (the spermatocyte UniGene study) and 28 (the round
spermatid UniGene study) genuine genes abundantly and
specifically transcribed in mouse testis. Based on in silico
information, a number of these genes were predicted to be
involved in diverse functions such as transcriptional regu-
lation, nuclear integrity, cell structure and metabolism.
Further, some of the genes identified from the round sper-
matid UniGene library were investigated at the protein
level. Remarkably, one of these novel proteins turned out
to be a sperm acrosomal protein with a trypsin-like serine
protease domain [2].
Here, as an ongoing study on the novel spermatogenic
cell-specific genes, we investigated eight proteins encoded
by the novel genes discovered previously from the mouse
round spermatid UniGene library [1]. The authenticity
and germ cell specificity of these genes were confirmed at
the protein level. We obtained original findings on the
developmental expression pattern and localization of
these eight novel proteins. In particular, three novel pro-
teins were found to be present in mature sperm. Our data
revealed that one of the other proteins is located at the
surface of the acrosomal region and two are associated
with cytoskeletal structures in the sperm tail. This study
presents the first characterization of these eight novel
spermatogenic cell-specific genes, with potential roles in
spermatogenesis and fertilization, at the protein and cel-
lular levels.
Methods
Antibody production
To produce glutathione S-transferase (GST) fusion pro-
teins, PCR products corresponding to the hydrophilic
regions of the eight novel proteins (amino acids 61–171
for Mm.87328, 379–460 for Mm.386907, 61–180 for
Mm.157049, 101–200 for Mm.45611, 40–119 for
Mm.307084, 10–180 for Mm.57415, 97–165 for
Mm.67234 and 41–117 for Mm.380183) were generated
using gene-specific primers (Fig. 1). After restriction diges-
tion, the PCR products were ligated with a pGEX-5X-2 vec-
tor (Amersham Pharmacia). The resulting constructs were
expressed in E. coli BL21. GST fusion proteins subse-
quently were isolated with glutathione Sepharose 4B and
used as antigens for production of rabbit polyclonal anti-
bodies. All the antibodies were affinity purified using their
corresponding proteins and the AminoLink Immobiliza-
tion kit (Pierce). Monoclonal anti-mouse a disintegrin
and metalloprotease 2 (ADAM2) was purchased from
Chemicon.
Western blot analysis
Proteins denatured by boiling for 5 min in the presence of
3% SDS and 5% β-mercaptoethanol were separated by
SDS-PAGE, and then transferred onto a polyvinylidene
difluoride (PVDF) membrane (0.2 μm; Bio-Rad Laborato-
ries). After blocking with 5% nonfat dry milk in TBS-T
(TBS: 50 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.1%
Tween-20), the blots were incubated with primary anti-
bodies for 1 h 30 min at room temperature, followed by
three washes for 10 min with TBS-T, and then incubated
with alkaline phosphatase-conjugated secondary antibod-
ies (Jackson Immunoresearch) for 1 h at room tempera-
ture. Alkaline phosphatase activity was detected by NBT/
BCIP (Promega Biotech).
Preparation of testicular cells, testicular sperm, and 
mature sperm
Testicular (spermatogenic) cells and testicular sperm from
adult mice (3–6 months old) were prepared as described
[3]. Briefly, the cells are isolated by suspension in 52%Reproductive Biology and Endocrinology 2008, 6:32 http://www.rbej.com/content/6/1/32
Page 3 of 12
(page number not for citation purposes)
isotonic Percoll (Pharmacia) and centrifugation for 10
min (27,000 g, 10°C), and resuspended in Mg2+-Hepes
buffer. Testicular cells are spermatogenic cells correspond-
ing to spermatogonia, spermatocytes and round sperma-
tids. The population of testicular sperm includes a small
fraction of elongating and condensing spermatids and a
larger number of fully developed sperm. Post-testicular,
mature sperm from the cauda epididymis and vas defer-
ens were directly released into PBS. To prepare acrosome
reacted sperm, sperm from the cauda epididymis and vas
deferens were induced to undergo acrosome reaction by
calcium ionophore A23187 (Sigma) at a concentration of
5 μg/ml at 37°C for 1 h under 5% CO2 in air. The sperm
suspension was centrifuged twice at 800 g for 10 min to
In silico information on the eight novel genes Figure 1
In silico information on the eight novel genes. GeneBank accession numbers for the cDNA sequences of the novel genes 
are listed. Amino acid sequences, hydrophobicity and expected molecular weights are based on coding regions predicted by 
selecting the longest open reading frames deduced from cDNA sequences. The bars indicate regions corresponding to antigens 
used for antibody generation. AA, amino acids; MW, molecular weight.
UniGene ID
Mm.87328
Mm.386907
Mm.157049
Mm.45611
Mm.307084
Mm.57415
Mm.67234
Mm.380183
GeneBank No.
NM_001110133
NM_183307
AK016893 
NM_029661
AK006101
AK005868
AK018916
NM_001034103
No. AA
196
582
267
342
146
271
211
117
Expected
MW (kDa) 
22
68
30
38
17
30
27
13
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remove contaminants. The collected sperm were resus-
pended directly in 1× SDS sample buffer (3% SDS), fol-
lowed by boiling for 5 min, or lysed with a non-ionic
detergent (1.0% Triton X-100 in PBS) for 40 min on ice in
the presence of 1× protease inhibitor cocktails (Calbio-
chem). The lysates were centrifuged for 10 min at 12000
g. The supernatants from the lysates were mixed with 2×
SDS sample buffer (6% SDS), were reduced with 5% β-
mercaptoethanol, boiled for 5 min and subjected to west-
ern blot analysis.
Cell surface biotinylation and trypsinization
Sperm from the cauda epididymis and vas deferens were
kept at room temperature for 30 min in PBS containing 1
mg/ml sulfo-NHS-LC-biotin (Pierce) or kept on ice for 30
min in cold PBS containing 0.5 mg/ml trypsin (Sigma).
The biotinylated sperm were washed three times with PBS
and the trypsinized sperm were washed three times with
PBS containing 1× protease inhibitor cocktail (CALBIO-
CHEM). The biotinylated and trypsinized sperm were
mixed with 2× SDS sample buffer (6% SDS), reduced with
5% β-mercaptoethanol, boiled for 5 min and subjected to
western blot analysis.
Sperm fractionation
Sperm from the cauda epididymis and vas deferens were
directly released into PBS and washed with PBS. Collected
sperm were resuspended in 2.5 ml of PBS containing 2
mM EGTA and 1 mM β-mercaptoethanol. After sonication
for four 10 s bursts, an equal volume of 1.8 M sucrose was
added and the suspension was layered over a discontinu-
ous sucrose gradient containing equal volumes of 2.05 M
and 2.2 M sucrose solutions. The sample was centrifuged
at 100,000 g at 4°C for 16 h. The sperm heads and tails
were then collected from the pellets at the bottom and the
middle of the 2.05 M sucrose layer, respectively. The
heads and tails were washed with PBS and the samples
were subjected to western blot analysis.
Extraction analysis of sperm proteins
Sperm from the cauda epididymis and vas deference were
directly released into PBS, and washed three times with
PBS. The sperm were lysed in a lysis buffer (10 mM Tris-
Cl, pH 8.0, 150 mM KCl, 5 mM MgCl2, 0.5 mM EDTA)
containing either 2, 3, 4 or 6 M urea, or 1% Triton X-100
on ice for 2 h, except for the lysis buffer containing 6 M
urea, which was incubated at room temperature. After
incubation, the soluble and insoluble fractions were sep-
arated by centrifugation at 10,000 g for 15 min, and each
fraction was subjected to western blot analysis.
Results
Generation of antibodies and expression pattern of novel 
proteins
Of 28 novel testis-specific genes investigated at the tran-
script level in our previous study [1], eight genes were ana-
lyzed at the protein level in this study (Fig. 1). They are
Mm.87328, Mm.386907, Mm.157049, Mm.45611,
Mm.307084, Mm.57415, Mm.67234 and Mm.380183
(Fig. 1). The UniGene ID numbers for three of the genes
have been changed. The original ID numbers for
Mm.386907, Mm.57415 and Mm.380183 are
Mm.84974, Mm.273313 and Mm.46105, respectively, in
our previous study [1]. It should be noted that expressed
sequence tags (ESTs) for some (Mm.87328, Mm.386907,
Mm.157049 and Mm.57415) of the eight genes are found
in non-testicular tissues in the current UniGene database.
In the cases of Mm.87328, Mm.386907 and Mm.157049,
however, the proportion of the number of testicular ESTs
to that of non-testicular ESTs is exceedingly high (>75%).
For Mm.57415, currently at least two different transcripts
are listed erroneously in the database. The GenBank acces-
sion number of a genuine transcript/gene investigated in
the previous and present studies for Mm.57415 is
AK005868 which has ESTs only in testis. Most impor-
tantly, transcription of all the four genes was analyzed in
vitro and found to be specific to testis in the previous study
[1]. According to our further in silico analysis and informa-
tion in the database, none of the proteins encoded by the
eight genes is predicted to contain specific motifs/
domains and belong to a known protein family. Thus,
they are not assigned with potential functions.
We generated antibodies against proteins encoded by
eight novel genes. GST fusion proteins containing the var-
ious regions of proteins deduced from the cDNA
sequences of the novel genes were produced and used to
generate polyclonal sera. Antibodies were affinity-purified
against GST alone (as a control) and the cognate GST
fusion protein. To test the specificity of the antibodies to
the novel proteins and determine whether the novel pro-
teins are present in testis, we carried out western blot anal-
ysis using the two antibodies for each novel protein on
testicular spermatogenic cells. As shown in Figure 2A, the
antibodies to the GST fusion proteins, but not the anti-
bodies to GST alone, recognized distinct bands of sizes
comparable to the predicted molecular weights (Fig. 1).
Moreover, when the GST fusion proteins used for generat-
ing the antibodies were added during incubation with the
first antibodies in the immnunoblot, they blocked bind-
ing of the antibodies to the bands in all of the eight pro-
teins (Fig. 2B). These data suggest the specificity of the
antibodies and authenticity of the novel proteins. To fur-
ther determine whether the novel proteins are sperma-
togenic cell-specific in the testis, western blot analysis was
performed with the protein extracts of the germ cell-lack-Reproductive Biology and Endocrinology 2008, 6:32 http://www.rbej.com/content/6/1/32
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Specificity of antibodies to the novel proteins Figure 2
Specificity of antibodies to the novel proteins. (A) Testicular germ cells were isolated from testis, boiled in 3% SDS with 
5% β-mercaptoethanol, subjected to SDS-PAGE and blotted with antibodies. Two antibodies were used for the test of anti-
body specificity to each protein. The first one is a control antibody affinity-purified against GST (G) protein from each serum. 
The second one is a test antibody affinity-purified against each GST fusion protein (G-F) used for immunization and serum pro-
duction. ADAM2, known to exhibit spermatogenic cell-specific expression, was included as a control. (B) GST or GST fusion 
(GST-F) proteins were added to a buffer containing the first antibodies during the incubation of immune blot analysis.
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ing testes of the W/Wv mutant mice [4] and a Sertoli cell
line derived from the testicular somatic cells. We found
that none of the proteins were expressed in the mutant
mice (Fig. 3A) and Sertoli cells (Fig. 3B), strongly suggest-
ing that all of the eight novel proteins are expressed only
in germ cells in testis.
To investigate the developmental expression patterns of
the eight novel proteins during spermatogenesis, western
blot analysis was performed with testicular cells, testicular
sperm, and mature sperm from the cauda epididymis and
vas deferens. We found that four of the proteins
(Mm.307084, Mm.57415, Mm.67234 and Mm.380183)
are present only in testicular cells; the Mm.45611 protein
exists in testicular cells and sperm but not mature sperm;
and the other three proteins (Mm.87328, Mm.386907
and Mm.157049) are present in all of the cell types. None
of these proteins had changes in their molecular masses
during spermatogenesis (Fig. 4). Thus, these results sug-
gest differential regulation of the eight proteins during
male germ cell development. It should be noted that, to
confirm and further examine the developmental expres-
sion and localization of the proteins, we performed
immunohistochemical analysis in paraffin section of
mouse testis and immunofluorescence analysis with iso-
lated germ cells from the testis and epididymis. Unlike
immunoblot analysis, none of the antibodies displayed
inmmunoreactivity in these experiments.
Localization of novel proteins present in mature sperm
Because three of the novel proteins (Mm.87328,
Mm.386907 and Mm.157049) were found to exist in
mature sperm, it is possible that they are related to sperm
function and fertilization. As an initial step to investigate
the proteins in these reproductive processes, we examined
subcellular localization of the proteins. As shown in Fig-
ure 5A, cell surface labeling and trypsinization experi-
ments were conducted. A disintegrin and metalloprotease
2 (ADAM2), a sperm surface protein, was included as a
reference protein [5]. Surface labeling of testicular cells
with biotin did not cause any change of the three novel
proteins. However, sperm surface labeling with biotin
resulted in alteration of two proteins. The Mm.87328 pro-
tein was found to disappear or be present in a blurred
band after biotinylation in the western blot result. In addi-
tion, the molecular weight of the Mm.386907 protein was
increased by biotinylation. A probable reason for disap-
pearance of the Mm.87328 protein is that an epitope for
antibody binding in the protein is masked by biotinyla-
tion. Consistent with these results, both the Mm.386907
and Mm.87328 proteins, but not the Mm.157049 pro-
tein, were affected by sperm surface trypsinization (Fig.
5A). Thus, these results suggest the localization of the two
novel proteins (Mm.386907 and Mm.87328) on the sur-
face and the Mm.157049 protein in the intracellular
region of mature sperm.
To further elucidate the distribution of the three novel
proteins in mature sperm, sperm from the epididymis and
vas deferens were fractionated into heads and tails, and
their protein extracts were subjected to western blot anal-
ysis (Fig. 5B). ADAM2 and α-tubulin were used as control
proteins localized in the heads and tails, respectively. The
Mm.87328 protein was detected only in the head fraction.
Unlike Mm.87328, the other two proteins (Mm386907
and Mm.157049) were found exclusively in the tail frac-
tion (Fig. 5B). Taken together, our results disclosed that
the Mm87328 protein is a sperm head molecule with cell
surface localization, and the Mm.386907 and Mm.87328
proteins are sperm tail components residing at the cell
surface (Mm.386907) and in an intracellular region
(Mm.157049). We suggest to name the genes for these
proteins  Shsp1  (Sperm head surface protein 1 for
Mm.87328), Sfap1 (Sperm flagellum associated protein 1
for Mm.386907) and Sfap2 (Sperm flagellum associated
protein 2 for Mm.157049).
Characterization of Shsp1/Mm.87328, Sfap1/Mm.386907 
and Sfap2/Mm.157049
To further examine the characteristics and localization of
Shsp1/Mm.87328, we compared the protein between
acrosome-intact and -reacted sperm. During acrosome
reaction, plasma membrane overlying the acrosome fuses
with outer acrosomal membrane and consequently the
two membranes are lost from the sperm head. We found
that Shsp1/Mm.87328, present in acrosome-intact sperm,
is absent from acrosome-reacted sperm (Fig. 6A). Thus,
together with the finding on subcellular localization (Fig.
5A), this suggests that Shsp1/Mm.87328 is localized on
the plasma membrane of the acrosomal region.
The unique cytoskeletal structures of sperm tail are outer
dense fibers (ODFs) and fibrous sheath (FS). Proteins
composing these structures exhibit similar solubility to
various detergents. To explore the possibility that sperm
tail-specific Sfap1/Mm.386907 and Sfap2/Mm.157049
are associated with these structures, we examined the
extractability of the proteins using Triton X-100 and urea
(Fig. 6B). Neither protein was solubilized with 1% Triton
X-100. In sperm treated with varying concentrations (2, 3,
4 and 6 M) of urea, Sfap1/Mm.386907 was resistant to
lower concentrations, and gradually solubilized with
increasing concentrations. Sfap2/Mm.157049 was found
to be completely resistant to extraction by 6 M urea (Fig.
6B). Thus, our findings imply that the two sperm tail pro-
teins are the components of the cytoskeletal structures
such as ODFs and FS of sperm flagellum or are firmly
associated with them (see Discussion).Reproductive Biology and Endocrinology 2008, 6:32 http://www.rbej.com/content/6/1/32
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Germ cell-specific expression of the novel proteins Figure 3
Germ cell-specific expression of the novel proteins. Testes from W/Wv mutant mice (A) and a Sertoli cell line, TM4 (B), 
were subjected to protein extraction and western blot analysis using the specific antibodies. Total proteins from the testes 
were extracted by boiling the minced tissues in a protein sample buffer containing 3% SDS and 5% β-mercaptoethanol. 
ADAM2, with spermatogenic cell-specific expression, was included as a control. WT, wild type; TC, testicular (spermatogenic) 
cells.
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Discussion
In our previous study, a number of novel genes exclusively
expressed in testicular spermatogenic cells were discov-
ered from the McCarrey Eddy round spermatid UniGene
library (Lib. 6786), one of the largest mouse sperma-
togenic cell libraries deposited in the UniGene database at
NCBI [1]. In the study, we utilized systematic, in silico and
in vitro approaches, narrowing down all of the genes com-
posing the library to 28 authentic genes with evident and
abundant expression specific to testicular germ cells. Thus,
it should be noted that these genes are most prominent
among testicular novel genes and thereby deserve prefer-
ential investigation. Eight of the 28 genes were analyzed at
the protein level in the present study.
In this study, we corroborated the authenticity of the eight
genes at the protein level and further investigated the var-
ious properties of proteins encoded by the genes. Specific
antibodies against the novel proteins were generated and
they explicitly recognized distinctive bands, with the spe-
cific expected sizes of the proteins in the testicular sperma-
togenic cells. In the analysis of the germ cell-lacking testes
of the W/Wv mutant mice and Sertoli cells, the eight pro-
teins were confirmed to be germ cell specific. The protein
signals apparently were absent from the mutant mice. Fur-
ther, we obtained new information about the develop-
mental distribution of the novel proteins during
spermatogenesis. Four of the proteins (Mm.307084,
Mm.57415, Mm.67234, and Mm.380183) were detected
only in the testicular germ cells, one protein (Mm.45611)
in testicular germ cells and testicular sperm, and three pro-
teins (Mm.87328, Mm.386907 and Mm.157049) in all
the phases of sperm development and maturation, includ-
ing testicular germ cells, testicular sperm and mature
sperm.
Since many spermatogenic cell-specific genes have been
shown to play critical roles in spermatogenesis and fertili-
zation, it is possible that the present novel proteins are
involved in these reproductive processes. The
Mm.307084, Mm.57415, Mm.67234, Mm.380183 and
Mm.45611 proteins could be involved in sperm develop-
ment but not, at least directly, in sperm function and fer-
tilization because they are absent from mature sperm. Our
findings on the five proteins will expedite future investiga-
tion into these proteins, focusing on the developmental
stages during which the proteins are present and active.
Our remarkable finding in the present study was the dis-
covery of three novel proteins located at the head and tail
of mature sperm. We designate these proteins as Shsp1/
Mm.87328, Sfap1/Mm.386907 and Sfap2/Mm.157049,
based on their specific distribution in sperm. Shsp1/
Mm.87328 was found to be restricted to the head region
of mature sperm, particularly the plasma membrane of
the anterior part, covering the acrosomal region. The acro-
some is a secretory organelle located at the apex of mature
sperm. During fertilization, acrosome-intact sperm pass
through cumulus cells and reach the egg extracellular coat,
the zona pellucida (ZP). Upon recognition of the ZP and
adhesion to it, sperm are induced to acrosome react. Dur-
ing acrosome reaction, the membrane surrounding the
acrosome fuses with the plasma membrane of the sperm,
exposing the contents at the site of sperm-egg ZP binding.
It should be considered that proteins with localization
patterns similar to that of Shsp1/Mm.87328 are candi-
dates for participation in sperm-egg binding. Indeed,
ADAM3, with Shsp1/Mm.87328-like distribution pattern
on the sperm head, has been found to be critical for sperm
adhesion to the egg ZP [6-9].
Developmental expression pattern of the novel proteins Figure 4
Developmental expression pattern of the novel pro-
teins. Cells at different developmental stages were isolated, 
boiled in 3% SDS with 5% β-mercaptoethanol, subjected to 
SDS-PAGE and blotted with the specific antibodies. TC, tes-
ticular (spermatogenic) cells; TS, testicular sperm; S, mature 
sperm from the epididymis and vas deferens.
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Localization of the Mm.87328, Mm.386907 and Mm.157049 proteins Figure 5
Localization of the Mm.87328, Mm.386907 and Mm.157049 proteins. (A) Testicular cells, and sperm from cauda 
epididymis and vas deferens were (+) or were not (-) treated with biotin or trypsin and then subjected to western blot analysis. 
ADAM2, known to be located at the sperm surface, was included as a control. TC, testicular (spermatogenic) cells; S, mature 
sperm from the epididymis and vas deferens. ADAM, a disintegrin and metalloprotease. (B) Sperm from the epididymis and vas 
deferens were fractionated into heads and tails. These fractions were subjected to western blot analysis. ADAM2 localized on 
sperm head and α-tubulin composing the axoneme in the sperm flagellum were used as control proteins.
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On the other hand, Sfap1/Mm.386907 and Sfap2/
Mm.157049 were restricted to the tail region of mature
sperm. The flagellum of mammalian sperm is divided into
middle, principal and end pieces. The central core of the
flagellum consists of a cytoskeletal structure called the
axoneme. In the middle and principal pieces, the
axoneme is surrounded by a unique structure, ODFs. The
ODFs are enclosed by a helical array of mitochondria in
the middle piece, while ODFs in the principal piece are
surrounded by another sperm-specific structure, FS. ODFs
and FS are considered to stiffen the sperm tail while allow-
ing elastic bending. A common feature of proteins com-
posing ODFs and FS is their resistance to non-ionic
detergents. Furthermore, FS proteins are resistant to 6 M
urea [10]. Our extraction analysis showed that Sfap1/
Mm.386907 and Sfap2/Mm.157049 are found in the Tri-
ton X-100-insoluble fraction. Sfap1/Mm.386907 was sol-
ubilized with increasing concentrations of urea, with
almost complete solubilization achieved at 6 M urea.
Sfap2/Mm.157049 exhibited poor solubility, even in 6 M
urea. This finding suggests that Sfap1/Mm.386907 is an
ODF component or is weakly associated with FS, and
Sfap2/Mm.157049 is an intrinsic component of FS. It is
interesting to note that Sfap1/Mm.386907 was also found
to be located at the sperm surface. This suggests that
Sfap1/Mm.386907 is a transmembrane protein with a
Characterization of Shsp1/Mm.87328, Sfap1/Mm.386907 and Sfap2/Mm.157049 Figure 6
Characterization of Shsp1/Mm.87328, Sfap1/Mm.386907 and Sfap2/Mm.157049. (A) Acrosome reaction of sperm 
from the epididymis and vas deferens was induced by calcium ionophore A23187. Acrosome-intact and -reacted sperm were 
subjected to western blot anaylsis with the anti-Shsp1/Mm.87328 antibody. AI, acrosome-intact sperm; AR, acrosome-reacted 
sperm. (B) Sperm from the epididymis and vas deferens were treated with 1% Triton X-100 and urea with different concentra-
tions (2, 3, 4 and 6 M). Soluble and insoluble fractions after centrifugation of the treated sperm were subjected to western blot 
anaylsis with the anti-Sfap1/Mm.386907 and anti-Sfap2/Mm.157049 antibodies. Sup, supernatant after centrifugation; Pt, pellet 
after centrifugation.
Sfap1/Mm.386907
Sfap2/Mm.157049
68
35
kDa
Sup Pt
1% Tx100
α α α α-tubulin 50
1% Tx100
Urea (M)
2      3      4     6  2      3      4     6 
Urea (M)
22
kDa
α α α α-tubulin 50
Shsp1/Mm.87328
AI      AR A
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cytoplasmic region associated with the cytoskeletal struc-
tures in the sperm tail.
It should be noted that only a handful of ODF and FS pro-
teins have been characterized at the protein and cellular
levels [11-13]. Some of these proteins include ODF1 [14],
ODF2 [15], SHIPPO 1 [16], Tektin 4 [17], protein kinase-
A anchoring protein 3 and 4 [18,19], testis A-kinase
anchoring protein [20], rhophilin [21], ropporin [22],
spermatogenic cell-specific glyceraldehyde 3-phosphate
dehydrogenate [23], and spermatogenic cell-specific hex-
okinase 1 [24]. These proteins are implicated in sperm
structure, metabolism, motility and maturation
[11,25,26]. Since abundant questions with respect to
sperm tail proteins still remain, the identification of
Sfap1/Mm.386907 and Sfap2/Mm.157049 will facilitate
future studies on relationships of the sperm tail proteins
with sperm function and fertilization.
Conclusion
Male germ cell-specific genes are considered to play criti-
cal roles in spermatogenesis and fertilization. In this
study, through the analyses of proteins encoded by eight
novel genes expressed uniquely in spermatogenic cells, we
provide new and inclusive information about authentic-
ity, germ cell specificity, developmental expression pat-
terns, and cellular localization of the eight novel proteins.
In particular, the three proteins found to be localized in
mature sperm are of greatest interest because of their cel-
lular properties and potential functions. Our study will
help to determine molecular mechanisms of male repro-
duction involving these novel proteins.
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